ABSTRACT
For example, endothelial expression of E-selectin and vascular cell adhesion molecule-i (VCAM-i)3 is dramatically induced, and expression of intercellular adhesion molecule-i (ICAM-i) is substantially increased at sites of inflammation.
These dynamic changes in surface proteins provide the endothelial cell with a mechanism of regulating cell-cell interactions.
The three endothehial cell-surface proteins have different patterns of expression, and are structurally and functionally distinct. Transcription of all three of these genes is substantially increased when endothelial cells are exposed to cytokines. In this review, the common feature of these endothelial proteins, namely, transcriptional induction of the corresponding genes by the inflammatory cytokines, will be explored. The regulatory elements involved in cytokine-induced expression of these three leukocyte adhesion molecule genes and the transcription factors that bind to these elements will be described. We will summarize evidence that suggests cytokine-induced gene expression involves the synergistic interaction of a small group of transcription factors, which results in the Fig. 1) : First, one of the inhibitors, 1KB-a, binds to the p65 subunit of NF-KB via the ankyrin repeats present in the inhibitor. The bound 1KB-a masks the NF-KB nuclear localization signal and thereby inhibits its nuclear transport.
Second, the p65 component of NF-KB is bound to the piOS precursor of p50 or the p100 precursor of p52. Like IKB-a, these bound precursors function as inhibitors by masking the nuclear localization signal (reviewed in ref 6). NF-KB can be activated by many diverse agents such as the inflammatory mediators, viruses, and physical forces (reviewed in refs 3, 4, 6) . Upon activation of the cell, 1KB-a is phosphorylated and subsequently degraded (reviewed in ref 4). Phosphorylation apparently does not result in the dissociation of the inactive NF-KBlicE-a complex, but rather in the targeting of 1KB-a for degradation (7) (8) (9) (10) . Degradation of IicB-a and processing of the piO5 NF-KB precursor into the active p50 subunit involve the proteasome proteolytic pathway (9, 10) . The release of NF-KB from 1KB-a, or processing of plO5 to pSO. allows the active p5O-p65 dimer to translocate and accumulate in the nucleus, bind to its recognition DNA element, and participate in the activation of transcription. NF-KB and 1KB-a interact in an autoregulatory mechanism. NF-KB mediates activation of the 1KB-a gene, resulting in replenishment of the cytoplasmic pool of its own inhibitor (11) (12) (13) (14) . NF-KB and 1KB-a interact in an autoregulatory mechanism in endothehial cells (Fig. 1 ). 1KB-a transcript is transiently up-regulated in endothelial cells responding to TNFa (17) . NF-KB mediates activation of the 1KB-a gene, resulting in replenishment of the cytoplasmic pooi of its own inhibitor (14, 34 (36) . The protein recognizes specific proteins or glycolipids that have sialyl Lewis X or related carbohydrates found on neutrophils.
E-selectin appears to play a role in leukocyte trafficking in both acute and chronic inflammatory responses and its expression is both cell type-specific and inducible. REVIEW E-selectin gene expression is normally not detected in resting endothehium, but is strongly and rapidly induced by the inflammatory cytokines and lipopolysaccharide. E-selectin appears on the endothehial cell surface within 1 to 2 h of cytokine treatment, is expressed maximally at 4 to 6 h, and then rapidly declines even in the continuous presence of cytokine.
To understand the mechanism regulating the cytokineinduced expression, the architecture of the gene for E-selectin was determined.
The human E-selectin gene contains 14 exons and spans approximately 13 kb of DNA (37; Fig.  2 ). A DNase I-hypersensitive site was identified in the 5' proximal promoter region of the E-selectin gene in human umbilical vein endothehial cells only after TNFa treatment, suggesting the presence of a cytokine-inducible regulatory element close to the transcriptional start site (24) . The regulatory elements required for cytokine activation have been localized to the first 160 base pairs immediately upstream of the start site of transcription (38) . This region can function as a cytokine-inducible transcriptional enhancer in both endothehial and nonendothelial cells. Cell type-specific expression of E-selectin has been associated with hypomethylation of the cytokine response region of the E-selectin promoter (39) . The organization of the regulatory elements required for cytokine-induced expression of the E-selectin gene has been defined. Four positive regulatory domains (PDs) were defined in the E-selectin promoter ( Fig. 3 ) (25) . A consensus KB element and an ATF-hike site were designated PDI and PDII, respectively.
Two more recently described novel elements were designated PDIII and PDIV (Fig. 3 ). These domains have been mapped by deletion and point mutation analysis, as well as by systematic site-directed mutagenesis (23) (24) (25) .
The inducibihity of the E-selectin gene requires NF-KB binding to PDI, PDIII, and PDIV. Because these regulatory domains bind similar factors, the elements will not be discussed separately.
Two (25, 41) . Mutations that decrease the binding of nuclear proteins to the CRE/ATF element in PDII abolish cytokine-induced E-selectin expression.
Conservation of the DNA sequence of this element across species is consistent with a functional role for this site in the regulation of E-selectin expression (42) . Second, the E-selectin site has been shown to be bound by recombinant ATF-a, ATF-2, ATF-3, c-Jun (41), and CREB (43), and changes in the level of induced E-selectin expression can be correlated with alterations in the composition of the proteins binding to this element (43) . Third, members of the ATF family can physically interact with both NF-icB and HMG 1(Y) (41, 44 In an effort to understand the molecular mechanisms controlling the characteristic VCAM-1 response to cytokines, the structure of the VCAM-1 gene was determined (50) and the VCAM-1 5' flanking region was characterized (51 Furthermore, the findings demonstrate that the activity of the intact regulatory region of the VCAM-1 promoter is distinct from that of the individual elements. This is a common feature of cytokine-inducible regulatory regions.
Several findings indicate that heterodimeric p5O and p65 is the NF-KB species binding to the human VCAM-1 promoter in TNFa-activated endothelial cells. First, gel shift and supershift analysis reveal that the induced nucleoprotein complexes assembled on both NF-KB sites contain pSO and p65; second, UV cross-linking studies also reveal that both the 5' and 3' VCAM-1 NF-KB sites bind predominately heterodimeric p50 and p65 (26 domain is contained in a single exon (Fig. 2) . The organization of the regulatory elements required for both basal and cytokine-induced expression of the ICAM-i have been defined (27, 28, 58 (Fig. 3) . Mutations within these sites did not affect the basal level of ICAM-1 expression.
The p5O/p6S heterodimeric form of NF-KB, as well as c-Rel/p65 and p65 homodimers, bound to the ICAM-1 KB element (27) (28) (29) . The C/EBP element was bound by a mixture of factors including C/EBPa homodimers and C/EBPa-C/EBP heterodimers. A similar arrangement of NF-KB and C/EBP elements has been noted in the promoter of the IL-8 gene (59) . In addition, direct protein-protein associations have been demonstrated between NF-KB and C/EBP, suggesting that these proteins may bind cooperatively to the TNFa response element of the ICAM-i promoter.
The IFN-'y response element mapped to a symmetrical element that is homologous to 'y-activated sequences (GAS) found in other IFN-'y-responsive genes (reviewed in ref 60) . IFN-y binds with high affinity to IFN-y surface receptor. Once stimulated by binding to IFN-'y, the receptor activates the protein tyrosine kinases JAK1 and JAK2, which in turn phosphorylate the latent cytoplasmic transcription factor STAT1. Phosphorylated STAT1 is translocated to the nucleus, where it binds to the GAS sequence motif of IFN-'y-responsive genes and increases gene expression. The GAS element in the ICAM-1 promoter bound an IFN-y--inducible activity that was composed of p9l (STAT1). Exposure of cells to both TNFa and IFN-'y led to a synergistic induction of ICAM-1 gene expression.
The distinct regulatory elements within the ICAM-1 promoter mediate transcriptonal induction in response to the inflammatory mediators. This response required both the TNFa and IFN-y response elements, although the molecular basis for this cytokine-mediated synergism is unclear. The preceding paragraphs outline how cytokine-induced expression of three leukocyte adhesion molecule genes involves the synergistic interaction of NF-KB and of a limited number of other transcription factors. These findings explain the transcriptional activation that occurs in response to cytokine, but do not provide an understanding of how specificity of gene expression is achieved in response to these extracellular signals. Two general mechanisms are in place to achieve specificity. First, variations in the linear arrangement of distinct transcription factor binding elements would allow unique initiation complexes to be assembled. However, the analysis of the regulatory elements in the three distinct leukocyte adhesion molecule genes suggests that cytokine-induced expression involves a restricted and overlapping set of transcription factors (Fig. 3) . Second, activation of distinct cytokine-response enhancers could involve the assembly of specific higher order complexes.
Once assembled, the entire enhancer complex would interact with targets within the nearby basal transcriptional apparatus.
As illustrated in subsequent sections, this latter mechanism may be quite important in achieving the high levels of specifically induced transcription characteristic of activated endothelium. This region can function as a virus-inducible transcriptional enhancer. NF-KB binds to PRDII, IRF-1 binds to PRDI and PDIII, and ATF-2 binds to PRDIV (Fig. 3) . None of these regulatory elements can activate transcription in isolation, but two or more copies of any one of the sites can act as a virus-inducible enhancer. However, the synthetic enhancers display unusually high levels of basal activity and are less inducible than the authentic regulatory region. Also, the synthetic enhancers are activated by multiple agents, whereas the intact enhancer is inducible only by virus. Thus, like the cyokine enhancers in the leukocyte adhesion molecules, the activity of the intact regulatory region of the IFN-13 promoter is distinct from that of the individual elements. The high mobility group protein HMG 1(Y) is required for virus induction of the human IFNgene. The 11MG
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proteins are low molecular weight nonhistone chromosomal proteins that have been placed into three groups: HMG 1/2, HMG 14/17, and HMG 1(Y) (63) . These proteins do not have transcriptional activating capacity. Analysis of PRDII and IV mutations on in vitro binding and virus induction reveal that HMG 1(Y) is required for virus induction of the IFNgene (44) . Binding sites for 11MG 1(Y) are found in PRDs II and IV in the IFN-f gene promoter are indicated (Fig. 3) . The mechanisms by which HMG 1(Y) acts on these regulatory elements appear to be similar. contain four regulatory domains (designated PRDI-PRDIV i the human IFNgene and PDI-IV in the E-selectin gene); the transcription factors that bind to each of the elements are shown for these genes in Fig. 3 . Both regulatory regions have a CRE/ATF binding element at the 5' boundary and a consensus NF-KB element at the 3' boundary of the regulatory region. Located between these elements is a duplicated transcription factor binding site: the IFN-13 gene promoter has two IRF-i elements;
the E-selectin promoter has two additional NF-KB sites. Induction of both genes depends on the presence of HMG 1(Y). Like the IFNgene, the high mobility group protein HMG 1(Y) is required for cytokine induction of the human E-selectin gene (25) . HMG 1(Y) binds to a region within the E-selectin PDII, as well as to the AT-rich regions in the KB sites contained in PDI, PDIII, and PDIV (23, 25) . Analysis of PDIII and IV mutations on in vitro binding and cytokine induction reveal that 11MG 1(Y) is required for TNFa induction of E-selectin (25) . The binding sites for HMG 1(Y) found in PDs III and IV in the E-selectin gene promoter are indicated in Fig. 3 . HMG 1(Y) probably functions as an important architectural component in the assembly of the cytokine-induced transcription complex on the E-selectin promoter as it does in the IFNgene promoter.
THE CYTOKINE-INDUCED ENHANCER COMPLEX
The striking similarity between the inducible regulatory elements in the human E-selectin and IFN-13 gene promoters suggests that cytokine-induced gene expression may involve the formation of a higher order enhancer complex that is mechanistically similar to the stereospecific complex induced by virus. A model can be generated to represent the cytokine-induced enhancer on the E-selectin promoter (Fig. 4) . After induction by cytokine, heterodimers of NF-KB and an ATF-2/c-Jun heterodimer (or an ATF-2 homodimer) bind to the promoter. The binding of HMG 1(Y) at multiple sites increase the binding affinity of NF-icB and ATF-2 for their respective sites and bends DNA in a way that facilitates the formation of a higher order complex necessary for transcriptional activation.
The transcription factors could contact an as yet unidentified target (or targets), such as an endothelial-specific coactivator in the case of the E-selectin complex. Once assembled, the unique transcription factor enhancer complexes could act as a unit and make extensive protein-protein contacts with a series of coactivators, or the basal factors present in the transcriptional machinery.
A number of observations are consistent with this model for a cytokine-induced enhancer complex. Because more is known about the E-selectin regulatory elements, it will be used to discuss the model.
An important aspect of this model of the cytokine-induced enhancer complex is the spatial arrangement of the elements. The relative helical orientation or phasing of PDI and PDII in the E-selectin enhancer is more important than. the distance between these elements for cytokine responsiveness (65) . Using a panel of promoter mutants, it was demonstrated that moving these elements 5 bp (half-helix turns) up-or downstream resulted in a strong reduction in promoter activity, whereas shifts of 10 bp (a full helix turn) in either direction minimally affected IL-i induciblity (65 Consistent with this model is the recent crystal structure of a large fragment of the p5O subunit bound as a homodimer to DNA. The pSO dimer envelopes about two-thirds of the cylindrical surface of the DNA helix making specific contacts along the 10 base pair KB recognition site (67, 68) . Only the DNA's minor groove was exposed. This is the site where minor groove binding proteins such as HMG 1(Y) may interact with DNA along with NF-KB (44 
